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Abstract. We report the following results from a decade of infrared radiometry of Io:
(1) The average global heat flow is more than -2.5 W rn”z, (2) large warm (s200  K) volcanic
regions dominate the global heat flow, (3) small high-temperature (> 300 K) “hotspots”
contribute little to the average heat flow, (4) thermal anomalies on the leading hemisphere
contribute about half of the heat flow, (5) a substantial amount of heat is radiated during 10’s
night, (6) high-temperature (z 600 K) “outbursts” occurred during -4% of the nights we
observed, (7) “Loki”  is the brightest, persistent, infrared emission feature, and (8) some
excess emission is always present at the longitude of L.oki, but its intensity and other
characteristics change between apparitions. Observations of 10 at M (4.8 pm), 8.7 ~m,
N (10 pm), and Q (20 pm) with the Infrared Telescope Facility presented here were collected
during nine apparitions between 1983 and 1993. These measurements provide full longitudi-
nal coverage as well as an eclipse observation and the detection of two outbursts, Reflected
sunlight, passive thermal emission, and radiation from thermal anomalies all contribute to the
observed flux densities. We find that a new thermophysical  model is required to match all
the data. Two key elements of this model are (1) a “thermal reservoir” unit which lowers
daytime temperatures, and (2) the “thermal pedestal effect” which shifts to shorter wave-
lengths the spectral emission due to the reradiation of solar  energy absorbed by the thermal
anomalies. The thermal anomalies are modeled with a total of 10 source components at five
locations. Io’s heat flow is the sum of the power from these components.

1. Introduction
Thermal anomalies on the Jovian satellite Io were first

recognized unambiguously in data from the Voyager 1 infrared
spectrometer (IRIS) experiment [Hand et al., 1979]. Since
that time, a number of ground-based techniques have been used
to study Io’s volcanic activity. A review of pre-Voyager
infrared radiometry (including eclipse observations) showed
that the signature of the volcanically heatecl areas was present
in the older data. Furthermore, reanalysis of these data
provided the first estimate of Io’s large heat flow, namely,
2 + 1 W m-2 [Matson  et al., 1981]. Subsequent observations
of Io’s infrared spectrum and further analysis of the Voyager
IRIS data have confirmed these conclusions [Morrison and
Telesco, 1980; Sinton, 1981; Sinron  et d., 1983; Tittemore and
Sinton, 1987; McEwen et al., 1992]. Recent reviews are given
by Pearl and Sinton [1982], Nash et al. [1986], and McEwen
et al. [1989].

Io’s heat flow results primarily from tidal interactions with
Jupiter. Energy is extracted from Io’s orbit and deposited as
heat in the interior of Io [Peale et al., 1979; Yoder, 1979].
Thus, the level of 10’s heat flow is deter tnined by the tidal
dissipation properties of 10, Jupiter, and the complicated orbital
mechanics of the Jovian system. These interactions make Io’s
heat flow a key parameter which constrains models of 10,
Jupiter, and the interactions between them (see review by
Greenberg [1989]).

Several observers have reported outbursts, or large tempo-
rary increases in 10’s thermal emission [ Wi(feborn et al., 1979;
Sinton, 1980; Sinton et al., 1983; Johnson et al., 1988],  These



relatively rare events, associated writh  temperatures greater
than 600 K, are quite impressive at 3.4 or 4.8 pm. However,
when integrated over time, they do not contribute significantly
to the average heat flow because of their relatively short
durations. An additional discussion of the variability of Io is
found in the. work by Howell and Sirtton [ 1989].

Several Earth-breed telescoi)ic techniques have been used to
identify the locations of hotspots.  These include near-infrared
imaging, speckle interferornetr  y, occultations, and polarimetry
[Howell and McGinn, 1985; Goguen and Sinton,  1985, 1988;
Sinton et al,, 1988; Goguen et al., 1988; Spencer et al,,  1990;
McLeod  et al., 1991]. The locations of (positive) thermal
anomalies have generally been referred to in the literature as
“hotshots, ” even though the range of temperatures associated
with these areas includes values less than 250 K. We use the
terms “thermal anomaly” and ‘hotspot”  interchangeably in this
paper,

The Voyager IRIS data and the ground-based eclipse
observations provide information about hotspots  for only part
of Io’s surface. In order to determine the distribution and
variability of thermal anomalies, we initiated a program of
multiwave]ength radiometry of Io’s thermal emission as a
function of orbital ph~se angle, or west longitude of the sub-
Earth point (see appendix note 1). These observations take
advantage of the fact that hotspots of the type originally
detected by IRIS will dominate the disk-integrated thermal
emission from Io in the 7 to 14 ~m region even though they
cover only a small amount of the total surface area (see
Figure 1). In contrast, the emission from 10 at 20 gm comes
mainly from regions which are heated by the sun and from
lower temperature thermal anomalies. At wavelengths
shortward of -6 ~m, an increasing fraction of the observed
flux density comes from reflected sunlight. High-temperature
hotspots still can make an identifiable contribution down to
wavelengths as short as -2 pm during an eclipse [Sirvon et al.,
1980].

Some observations in our 10 program have been discussed
by .lohn.son el al, [1983, 1984, 1988], Matson et al. [1993],
and Vecdcr et al. [1993], The supporting details of those
measurements are all included here. Early resqlts showed c
(1) the 8.7 gru ernittance varies considerably with longitude,
(2) the longitude of the maxima in the infrared light curves is
very close to the largest anomaly observed by the Voyager
IRIS (I.xM Patera at 309”W and + 13”N), and (3) the 8.7 ~m
emittance  at afl longitudes is larger than expected from the
reradiation of absorbed solar energy alone. We now have a
relatively uniform data set for four band-passes centered at 4.8,
8.7, 10, and 20 pm obtained over the period from 1983 to
1993. In this paper we will (1) report the data acquisition and
reduction methods, (2) deicribe a model which includes the
“thermal pedestal effect” for calculating the contributions to the
observed flux densities from both absorbed insolation and
geothermal heat, and (3) use the results c}f this model to
characterize the total heat flow from Io and the variations in its
volcanic activity and power levels from 1983 to 1993.
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2. Io Observations
The radiometric  observations of 10 reported here were

collected between February 18, 1983, and March 29, 1993
(UT), at tie 3-m Infrared Telescope Facility (IRTF) on Mauna
Kea, Hawaii, A summary of the circumstances of our Io
observations is given in Table 1 (see appendix note 2). In
total, we had 175 hours of photometric condition sduring 55
nights. The lRTF bolometer and data acquisition system were
used with the standard filtersat  M (4.8 jsm), N(l O~m),  and
Q (20 ~m) as well as with the narrow-band-pass 8.7 ym filter
(A A-l #m). The IRTFCassegrain systenlutilize  s&wobbling
secondary mirror to difference two tieldsof  viewon the sky.
An 8 arcsec diameter aperture, a beam separation of 10 arcsec,
and a frequency of 13 Hz were selected asa practical compro-
mise to obtain accurate radiometry with adequate signal to
noise ratio (SNR), sky subtraction, and scattered light rejec-
tion. The 8 arcsec aperture is much Iargerthan theconvolu-
tion of typical infrared seeing with the disk of Io, which helps
to ensure accurate radiometry, since it minimizes the effect of
small guiding errors. For eclipse observations, Io was ac-
quired with aprecise  offset from ]upiter or another satellite.
Tracking rates were updated by means of the lRTF automatic
centering capability. The twotelescope be.amswere  typically
oriented north-south except for observations very near the disk
of Jupiter, which required that they be rotated perpendicular to
thedirection  of thecenter  of Jupiter’s disk. This arrangement
suppressed the offset which otherwise might occur from
im-&rfect cancellation of the sky gradient due to scattered light
from Jupiter.

During each night, the data stream from the lRTF boiometer
system was captured in real time as an ASCII file. This tile
was converted to a condensed format by means of our own
semi-automatic editor (written in FORTRAN). This standard-
ized log was checked against our handwritten notes and
corrected for typographic and other errors. Logs for a few
nights had to be keyed from the IRTF printout and verified by
hand.

A typical observational sequence consists of four pairs of
10-s integrations at each of N, M, Q, 8.-? pm, and N. This
cycle was repeated quickly (within 20 rein) relative to the
rotation of Io (8.5” per hour). Measurements of 10 were
alternated with cycles on appropriate standard stars to derive
the atmospheric extinction and system sensitivity for each night
(see also section 3).

The basic quantity determined from the observations is the
magnitude of the whole disk of Io relative to Alpha Lyrae.
Nearby standard stars for each night were selected from a
subset of the IRTF list. These generally Included at least one
star before and after Jupiter in Right Awension. Approxi-
mately one star per hour was observed throughout an observing
session. Typically, three or four stars were observed two or
three times each during a night at both higher and lower air
mass than the range of Io. Almost all observations were made
at an air mass of less than 2. A few observations of other
Jovian satellites (in particular, Callisto)  provided an additional
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check on the stability of the IR’I’F’ system. These are especially
useful for confirming the reality of infrared outbursts on 10.

The IRTF bolometer  system sensitivity was monitored in
red time and remained stable. throughout a night. Experience
hzs shown that the residual, systematic change in responsivity
is less than -5% between equipment setups for adjacent nights,
All of our reported radiometry have relatively small statistical
errors (i.e., SNR >> 10). Adjacent measurements of 10
reproduce approximately as well as or better than repeated
measurements of, and the self-consistency between, the
standard stars on each night (i.e., better than 5 %). The
comparison of 10 data from one apparition to another is
dependent on the accuracy of the whole standard star network,
as the stars used slowly change with the motion of Jupiter
around the sky (see also the appendix).

3. Data Reduction Procedure
The adopted standard star magnitudes are given in appendix

Table A 1. This photometric system defines Alpha Lyrae as 0.0
magnitude (mag)  for each wavelength. The absolute calibra-
tion of the photometric system is given in Table A2, and the
monochromatic corrections are discussed in the appendix.

The system sensitivity in magnitudes was plotted for each
ni~ht as a function of air maw.. and a linear best tit was used to
de~ve the extinction and average sensitivity at M, 8.7 #m, N,
and Q. The typical range of values for extinction among
photometric nights on Mauna Kea is 0.15-0.30 mag per air
ma.<i at 4.8, 8.7, and 10 pm and 0.3-0.50 snag per air maw at
20 gm. In addition, the system sensitivity in magnitudes was
plotted for each night a~ a function of time at each wavelength.
These plots were examined for obviously spurious events as
well as for systematic trends correlated with time, seeing or
humidity. Marginal weather conditions sometimes required the
deletion of blocks of observations at the beginning and/or end
of a given night. Useful standard star observations always
bracketed those accepted for Io. In all, only a few percent of
the raw Io data were rejected as nonphotometric.

The reduction of the observations to emittance is described
below for each wavelength. The reduced data are given in
Table 2 (4.8 pm), Table 3 (8.7 pm), Table 4 (10 pm), and
Table 5 (20 ~m) and are plotted in Figure 2 (4.8 flm), Figure  3
(8.7 pm), Figure 4 (10 pm), and Figure 5 (20 pm).

The reduction of Io radiometric  data at 8.7 pm follows the
moat straightforward procedure. The observations are sorted
by univer&l  date and time. The orbital pha.sc angles are given
in degrees (i.e., the sub-Earth west Iongltude or central
meridian of Io). The observationally determined quantities for
10, the 8.7 #m mags and the corresponding tlux densities (F)
at the Earth (above the atmosphere), are given both in Janskys
and in units of 10-’7 W cm”2 Urn”’.  The spectral emittance (E)
at Io’s surface in units of 102 W n)”2 pm”’ is calculated from

FA2E=—-
~2

10
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where A is the geocentric distance and R,. IS the radius  of 10.
The 8.7 ~m band-pass is relatively narrow, and therefore no
monochromatic correction is necessary.

The reduction of 10 radiometric data at N (1 O pm) and Q
(20 Vm) is similar to the procedure for 8.7 ~m data, with the
exception that the wide N and Q band-passes require monoc-
hromatic corrections (see the appendix).

The reduction of 10 radiornetric data at M (4.8 pm) includes
the additional consideration that the M data have contributions
from both reflected sunlig,ht and thermal emission (see appen-
dix note 3). The reflected component is about 70- 80% of the
total [ Wittebonr er al., 1979; Sin(on, 1980; Morrison and
Telesco,  1980]. This component varies asa function of the
geometric albedo distribution on thesurface of lo, geocentric
and heliocentric distance, and the solar phase angle. The
calculated tluxde.nsity(l  O”l’ W cm”2pm”1)  of the reflecte.d and
thermal components and the ernittance (10 2 W m“2 pn”l) of the
thermal component at 10’s surface arc included in Table 2.

We use a simple model to caJculate the reflected flux density
component for each of the observations at 4.8 pm at Io’s
particular geometry. An approximate value for the reflected
sunlight can be determined directly by differencing the values
in and out of an eclipse, We trmke an improved estimate of the
reflected component at 4.8 pm by means of our background
model, which includes the thmnal  pedesfal eflecf (see section
4.4). Data from the well-observed August 3, 1986, eclipse
were used to calculate this effect. Our results imply a geomet-
ric albedo for 10 of -0,7 at 4.8 ~m in good agreement with
PM = 0.72 [Goguert and Sirrtort, 1985]. This value is similar
to”the albedo at 0.6 ym and consistent with the spectrum of Jo
over this interval [Uark and McCbrd, 1980; Cruik-dmk,  1980;
McEwen et al., 1988].

In order to derive the reflected component as a function of
10(S longitude, we awume that the relative amplitude and phase
of the light curve of this component at 4.8 pm is the same as
for visual wavelengths as compiled by Morrison and Morrison
[ 1977]. This step is justified by the small rotational color
variation observed for Io between the visual and near-infrared
[~ohnson,  1971]. Similarly, the behavior with solar phm
angle of the reflected component at 4.8 pm is asysmed to be ‘
the same zs that observed at visual and shorter infrared
wavelengths which is approximated by a phase coefficient of
0,022 mag per degree (see also Figure 1 in Sinton ef al.,
[ 1983]). This parameter is not strongly dependent on color
except in the ultraviolet [Mom”son  et al., 1974; Veverka,
1977].

The largest uncertainty in this procedure is probably
introduced by the difficult eclipse observations which deter-
mine the reflected component. An error in this normalization
would propagate equally “over all longitudes. Nonphysical
negative values for the emittance Uf Jo at 4.8 pm may result if
too large a value is calculated for the reflected contribution.
l.Uncertainties in the ph~se and orbital corrections will introduce
scatter in the calculated emittances between runs and possibly
a small false component to the longitude variation. The
absence of negative values in our data set and the presence of
some apparitions showing weak longitude variation and others
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with strong variations in Figure 2 suggest that such errors are
not significant in this context,

A major change in the 4.8 pm albedo (for instance, due to
a hemi.spheric-.scale volcanic resurfacing event) could show up
in our reduced data as a spurious longitude variation which is
not due to thermal emission. However, Io’s visual light curve
has been remarkably constant over decades [Morrison c-r al,,
1974; Monisort and Moni~on,  1977; Veverka et al., 1986] and
current HST ultraviolet observations of Io are consistent with
the overall albedo pattern seen by Voyager [Srmoretfi  et al,,
1992].

The 10 radiometric  data from Tables 2, 3, 4, and 5 are
binned by apparition and plotted against decreasing west
longitude in Figures 2, 3, 4, and 5. These data directly show
spatial and temporal changes in the thermal emission from Io,
The general shape of these infrared light curves does not vary
greatly from year to year, but the amplitude does vary, It is
obvious that the distribution of hotspots on 10 is not uniform.
The Loki source (see appendix note 4) dominates Io’s thermal
emission at short wavelengths in the trailing hemisphere
(1 80°- 360”W).  As a result of the changing viewing geometry,
Loki produces a distinctive, approximately cosine, peak near
309”W in the plots. By contrast, the leading hemisphere
(O” - 1800W)  usually shows relatively little variation with
longitude. Further discussion on the variability in the light
curves is given in section 5.1, in the context of our model for
thermal emission,

4. Thermal Emission Model
Thermal models of airless planetary bodies generally fall

into one of two categories: (1) those dealing with thermal,
emission from the body as an idealized whole, and (2) those
dealing with the details of temperature distribution as a
function of position on the surface. The latter distributions
include variations in thermophysica] properties and time of day
(so-called diurnal models). Disk-averaged models similar to
those used in asteroid radiometry [e.g., Matron et al., 1978;
Morrison and Lebofsky,  1979; Lebofsky and Spencer, 1989;
Veeder et al., 1989] have usually been used to analyze tele- ‘
scopic, disk-integrated Io dam [e.g., Morrison er al., 1972;
Motion and C%ikshank, 1973; Mornson and Telesco, 1980;
Matson et al,, 1981; Sinton, 1981; Johnson et al., 1984, 1988].
When dealing with Voyager data and combinations of space-
craft  data and ground-based telescopic measurements, both
approaches have been used [e. g., McEwen et al., 1988;
Simonelli and Veverka, 1988]. To date, no model has been
successfid  in explaining all aspects of Jo’s thermal properties.

Chrr approach in this paper is to use versions of ‘slow” and
‘fast-  rotating whole-disk models (see appendix notes 5 and 6)
modified to meet Voyager-derived hemispheric aibedos (see
also sections 4.1 and 4.2). In addition, volcanic thermal
anomalies or hotspots are included. This has enabled a number
of new insights into the type of model required to match 10
infrared data and has allowed us to interpret most of Jo’s
observed characteristics. Our model is not unique, however,
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and much work remains to be done to achieve a full
thermophysical,  time dependent description for this satellite.

To understand the motivation for the characteristics of our
model, it is important to note the problems with previous
approaches (both ours and those of other workers). In the past,
Iong-wavelength (e.g., 10 and 20 pm) observations of 10 have
been analyzed in terms of absorbed solar energy using a
thermal model appropriate for airless, slowly rotating bodies
with very low thermal inertia. Previous mcdels assumed that
the anomalies had such high temperatures that the contribution
from absorbed insolation was negligible at short wavelengths
(i.e., less than 4.8 pm). Eclipse results were viewed as due to
a combination of two components: (1) the rapidly cooling
background regions whose heat was only due to absorbed
insolation, and (2) the hotspots whose temperatures were
controlled by volcanic processes and remained constant on the
timescale of an eclipse.

Such models have been recognized as failing to satisfy
completely either the details of eclipse observations [Sin/ori and
Krmrimki,  1988] or the absolute level of Io’s 20 pm emittance
[McEwetr et al., 1988]. The large size of this discrepancy can
be seen by direct comparison with tbe eclipse of August 3,
1986. The observations of Io at 4.8, 8.7, and 20 pm before
and after immersion are plotted in Figure 6a. A first-order
attempt to use a “standard” model (see appendix note 5) in
instantaneous equilibrium with solar insolation for the back-
ground emission of Io fails (see also section 4. 1). The ex-
pected emittance from such a sphere with a bolometric Bond
albedo of 0.44 (Table 8 for longitude 340”W) is shown by the
dashed line. It predicts too much emission at 20 pm and too
little at 8.7 #m. In contrast, an analogous “standard” model
fits similar data for Callisto quite well.

Since this “standard” model (see appendix note 5) only
accounts for background emission, it is easy to understand why
it yields too little emittance at 8.7 pm. I“he shortfall can be
fixed easily by including some contribution from hotspots.
However, this approach fails because the predicted model
emission at 20 pm irmrea$es  even further above the observa-
tions. The key question is, Why is the 20 pn emittonce of 10
so low?

Bdometric albedos for Io high enough to match the 20 ~m
data (e.g., 0.7) were deemed reasonable before the detailed
analysis of Voyager photometry. Then, it became evident that
Io’s Bond albedo was significantly lower: an average of 0.5
from Sintonclli and Vevcrka [1984]; hemispheric averages of
0.45-0.52 from McEwerI [1988] and McEntn  et al. [ 1988];
and 0.6-0.8 for the brightest regions from Sirnonelli and
Veverka [1988]. These imprcwed albedo estimates result in a
factor of 2 more absorbed power compared to older values.
One of the suggestions of McEwen et al. [ 1988] was that the
20pm emittance levels, combined with Voyager albedo maps,
might require a wavelength-dependent emissivity, with the
value near 20 ~m being about 15% lower than elsewhere.
However, continued analysis of the Voyager IRIS data has
ruled out any significantly lower emissivity  at 20 pm [McEwen
e( al., 1992; J.C. Pearl and A.S. McEwen,  private communica-
tions, 1993].
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Another possible wavelength-dependent effect results from
polarization. Polarization is not normally considered when
interpreting radiometry of airless, particulate surfaces. 10 is
unusual, and thermal radiation from hotspots has been shown
to be polarized [Goguen and Sinton, 1985]. Because both
surface. temperature and emissivity decrease with distance from
the center of IO*S disk, the ccmtribution of long-wavelength
radiation will be reduced compared to that expected from a
unit emi.s.sivity model. However, our calculation of this effect
for a smooth surface with the index of refraction (1.5 at
4.8 ym) determined by Goguett and Sin/on [1985] shows that
ernissivity would change by less than 1 % between 4.8 and
20 pm for a slow-rotator temperature distribution. Further-
more, the smooth surface represents a worst case calculation in
the sense that it would produce the largest polarization effect.

Sirrfon and Kaminski  [ 1988] encountered a related problem
in analyzing the heating and cooling of Io during eclipses from
their data set. They consider a range of models which illus-
trate the need for a mixture of regions with very different
thermal inertia values (cf. the equilibrium and reservoir units
in sections 4.1 and 4.2). However, even their best model (i. e.,
number 5) did not match the Voyager bolometric  Bond albedo
for Io, and they assumed that the thermal anomalies remained
at constant temperatures.

Possible evidence for failure of the “standard” model for Io
was also noted by Simonelli and Veverka [ 1988]. They pointed
out that the limited Voyager IRIS observations of the nightside
of Jo su~ested tempera~res  about 35 K higher than calculated
from a “normal” thermophysical model. The Voyager
nighttime observations unfortunately suffered from low spatial
resolution and poor pointing knowledge, leading to an uncer-
tainty in whether the elevated temperatures resulted from
multiple unresolved hotspots or were a true measure of
nighttime “passive” emission [Pearl  and Sirrrorr,  1982; McEwen
et al., 1992; I.C.  Pearl, persona} communication, 1993],
Nevertheless, Sintonelli  and Veverka [1988] suggested that the
discrepancy might be an indication that heat was being
transported from the dayside to the nightside of Io, possibly by
a solid-state greenhouse effect [Brown and Matson, 1987].

Our strategy is to constmct a simple model consistent with
Io’s known properties and including hotspot thermal emission
from both geothermal emission and the reradiation of absorbed
sunlight. We then apply this model to a well-observed eclipse
to constrain several key parameters. Our thermal emission
model for 10 involves three types of surface units: (1) a low-
albedo unit which is in instantaneous equilibrium with sunlight
to provide for tie falloff in emission when 10 enters eclipse,
(2) a high-aibedo thermal reservoir unit to allow for more
thermal emission in the antisolar direction and thus lower the
observed 20 ~m flux density, and (3) the thermal anomalies.
An essential step is to account properly for the heating of the
anomalies by sunlight (i.e., the thermal pedestal effect defined
in section 4.4), These thermal units produce five spectral
componen~:  the emission due to radiation of absorbed sunlight
for each of the three units, the emission due to heat flow, and
reflected sunlight at 4.8 jtm (see appendix note 7). The
equilibrium and reservoir thermal units are assumed to be
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interspaced uniformly over 10’s disk (except for [he sites of
thermal anomalies). The anomalies, which tire at specific
locations, occupy several percent of the surface.

4,1. Equilibrium Thermal Unit

The equilibrium thermal unit is a passive background unit
which is heated only by sunlight. It has a low thermal inertia
such that it is in instantaneous equilibrium. Its emissivity is
taken as 0.9. Later, we will find that it has a bolometric Bond
albedo of 0.29 and that its areal coverage is about 20% of the
surface of 10. This is similar in extent to the darker regions
seen in the Voyager pictures. For the purpose of comparing
with disk-integrated radiometry, the equilibrium unit is treated
as a nonrotating sphere (see appendix note 5) whose surface
temperature is a function of the Sun’s zenith angle z (i.e., the
angular distance from the sub-solar point). There is a small
(geometrically) projected defect of illumination (from which
there is no emission) due to the solar phase angle. Thus, for
the daytime hemisphere

Tz = T&& cm ‘“Z

where So is the solar constant (1 .388 x 106 erg cm”2 s“’ AU”*),
A is the bolometric Bond albedo, c is the emissivity, u is the
Stefan-Boltzmann constant (5.669 x 103 erg crn’2 s“’ T“), and
r is the heliocentric distance in AU.

4,2. ‘l%ermal  Reservoir Unit

A heat storage unit is the key to solving many of the
problems that limit the approach of the “standard” model as
defined in section 4.1 (see also appendix note 5). This passive
background unit absorbs heat during the daytime but reradiates
it at night aLs well as during the day. The emission in the
direction of the Earth is reduced compared to that of an
analogous equilibrium unit. The emissivity of the reservoir
unit is taken as 0.9. biter, we will find that its bolometric
Bond albedo ranges from 0.58 to 0.70 and that its area! extent
is -80% of the surface of 10. This unit may correspond to the.
bright, higher albedos seen in the Voyager images.
“Computationally, the reservoir unit is treated as a rapidly
rotating sphere (see appendix note 6) with a large thermal
inertia whose surface temperature is a function of latitude d.
In this case no correction for defect of illumination is required.
The temperature distribution is given by

I Is~l-/f 1/4
T —.—.

● quatOddl = —

r2 7CC0
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Tle nature of the reservoir unit is not further constrained by
our present analysis. There are several processes that could
operate on Io to provide the needed heat storage. The thermal
inertia of the surface, alone, is an obvious candidate for
carrying heat to the nightside.  The fast rotator (see appendix
note 6) may appear to be an unrealis~ic assumption. However,
models developed by Spertcer et al. [ 1989] indicate that, for
10”s rotation period and heliocentric distance and with a
thermal inertia similar to other Galilean  satellites, the calcu-
lated diurnal temperature variations are relatively small and
thus closer to a fast rotator than an equilibrium model.

If significant sublimation occurs, then the latent heat of
volatiles could help provide the characteristics needed for the
mode.]. Another possibility is a solid-state greenhouse in which
sunlight is absorbed within the upper few centimeters or more
of the surface. Such deep deposition increases the timescale
for conduction to the surface. and heat is carried onto the
nightside of Io [Brown  and Matson, 1987].

4.3. Tlsermal Anomaly Unit

This unit consists of all of the thermal anomalies or hotspots.
Each anomaly is assigned a particular location (latitude and
longitude). Later their temperatures and areas are adjusted as
needed to tit the orbital phase data. We find that this unit
typically occupies -2 % of the surface. The anomalies are
modeled as gray-body radiators with an emissivity of 0.9 (for
all of our band-passes). In particular, their emissivity is not
constrained by the 4.8 pm geometric albedo of 10 which we
determined in section 3. We assume that the anomalies may
have significantly different properties from the disk average
values.

Hotspot albedos were assigned following the general
correlation between measured temperatures and albedos by
McEwen et al. [1985]. For hotspots identified by IRIS, higher
temperature anomalies have lower albedos  (see appendix note
8), For the anomrdies  in our model which correspond to the
Voyager hotspots, we have adopted the McEwen et al. [1985],
albedos as listed in Table 6. These are normal albedos in the
Voyager orange filter (-0.6 ~m) but given the uncertainties in
the scattering laws from these anomalous surfaces, we have
used them as reasonable estimates of the biometric Bond
albedos for the purpose of the calculation of the thermal

pedestal effect (see section 4.4). For the non-Voyager loca-
tions, we have assigned small warm components an albedo of
0.15,  typical of observed spots with temperatures greater
than 300 K, and the larger, cooler components an albedo of
0.5, typical of observed areas with temperatures of less
than 200 K [see McEwen et al., 1985]. The only exception
was the third component required for Ixrki,  where we used 0.3,
close to the value for the warm unit (Loki 2) observed by
McEwen e~ al. [1985]. The albedos and locations are tabulated
in Table 6. They are used later in sections 5.1 and 6.1, where
we adjust their temperatures and areas to fit the infrared light
curves.
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4.4, Iherrnal  Pedestal Effect

The fourth spectral component is one which is due entirely
to sunlight absorbed by the thermal anoulalies themselves.
Previously, this background component had been assumed to
be negligible, since the anomalies occupy a small percentage
of the surface and because their temperature was viewed as
being regulated only by 10’s heat flow. In terms of total
power, this absorbed insolation is a small percentage. What
hm been overlooked, however, is that the anomalies provide a
way to spectrally redistribute emission due to absorbed
sunlight, resulting, in a significant effect at the wavelengths of
our observations. We find that a key element in fitting the data
is recognizing that the solar heah”trg and cooling of even
volcanically heated regions must be taken into account,
especially for the lower temperature anomalies.

The thermal pedestal effect is the spectral blue shift which
occurs in the background spectrum when sunlight is absorbed
on a thermal anomaly caused by heat flow. Recognition of this
effect leads to the separate concepts of active and pmsive
components of the background spectrum. Passive components
(i.e., the equilibrium and reservoir units) can be calculated a
priori, while the active components cannot be computed until
after the geothermal temperatures of the anomalies are
specified. In practice, the active background is calculated
simultaneously with the fit of thermal anomalies to the data.
See Figure 7 for illustrations of the pedestal effect (see
appendix note 9).

The solar energy absorbed by the anomalies elevates their
temperatures during the day. If c o T:,. is the geothermal heat
flow at an anomaly and c o T~ is the absorbed solar power
which is governed by the albedo, then the observed daytime
temperature is obtained from

In our model, TWO is specified for each anomaly and then
T&is calculated. As our nomenclature indicates, the warming
due to sunlight is superimposed upon a geothermally”supported
temperature pedestal. The amount of warming and the spectral
distribution of the reradiated solar power are both functions of
the temperature of the anomaly, Another complexity is that
this effect is a finction of the zenith angle of the sun at each
anomaly. Thus, latitude and time of day must be considered
(in addition to heliocentric distance).

The pedestal effect ba~ a temporal signature which should be
evident during Io’s eclipses, when the sun is eclipsed, the
solar energy absorbed on hotspots  is radiated aWdy much more
rapidly than for the cooler, passive background elements. In
eclipse, the hotspot temperature drops quickly to 7=0, the level
supported by geotberrnal  heat flow alone, Previous analyses of
eclipse data have not taken the thermal pedestal effect into
account, This omission yields an apparent thermal inertia for
Io which is too low.
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4.5. Iktermination of Background Parameters

An accounting of the number of model parameters quickly
shows that they exceed the constraints from daytime whole-disk
observations alone. Observations both in and out of Jovian
eclipse are necessary to solve for all of the parameters. For
his purpose, we have chosen from our data set a well-observed
eclipse disappearance on August 3, 1986 (see Tables 2, 3, and
5). The observed daytime and eclipse emittances at 10
(W rI’2 pm”’) for 4.8, 8.7, and 20 pm are summarized at the
bottom of Table 7.

Since 10 rotates -10° during an eclipse disappearance, we
assume that we are seeing the same (or equivalent) passive
surface units both before and after entry into eclipse. For the
thermal anomalies in general, and for the strong, discrete Loki
source in particular, we allow for the change in geometric
foreshortening over this time interval.

From our eclipse radiometry, we have two data points at
each of three wavelengths (Figure 6a) for a total of six
constraints on the model as well as information on the area of
Io’s disk, the bolometric Bond albedo estimated from the
Voyager photometry, and the relationship between the
bolometric  Bond albedo and the total background power
radiated from Io. In addition to the general properties of our
model previously discussed, there are nine model parameters
to be determined. The passive background includes five of
them, namely, the bolometric Bond al bedos and areas for the
equilibrium and reservoir units; and the Bond albedo of Io at
4.8 pm. A reasonable fit to the eclipse data requires the use of
two hotapot componen~  at L&i, ~ch defined by a temperature
and an area. Since, at this stage, we are solving for the passive
background only, we are not now concerned about the distribu-
tion of the hotspots. Later, when the longitude data are taken
into account, we shall see that a further adjustment in the
thermal anomalies is required.

Tbe particular values and components of the model spectral
emittances  (W m’2 pm” 1, which are consistent with both the
daytime and the eclipse data are given in Table 7. The model
emittance  in eclipse is the simplest. The 20 ym emission has
two components. Slightly more than half is due to the thermal
reservoir unit. The remainder is from the thermal anomalies. i
At 8.7 #m almost all of the signal is from the anomalies. At
4.8 ~m, only a trace of the emittance is from the passive
background,

The daytime spectral distribution (i.e., before eclipse) has
more components. The chief surprise is the size of the thermal
pedestal effect at 8.7 pm, which accounts for almost 30% of
the obacrved  radiation. At 4.8 jtm the thermal pedestal effect
is -13%! The recognition of this component is important
because previously it has been generally assumed that there
was no significant background radiation at such short wave-
lengths. The sum of all the background units is more than
45% of the emittance at 8.7 pm. At 20 pm, the background is
-75 % of the total. Here, the 25% due to emission from the
thermal anomalies is significant because it corrects the earlier
assumption that hotspot emission was negligible at this wave-
length. The percentages due to the pedestal effect depend on

12



the model albedos assigned to the hotspots.
Data at particular wavelengths constrain some model

parameters more than others. The equilibrium unit is con-
strained by the daytime 8.7 and 20 Mm emission. ‘l’he reser-
voir unit is constrained by the eclipse 8.7 ~m data and even ‘
more by the eclipse 20 pm data. The pedestal effect is
determined from daytime 4.8 and 8.7 pm emission. In
general, cooler regions are more constrained by the longer
wavelength data, and hotter regions more by the 4.8 ~m data,

‘I’he arwd combination of the smaller, dark equilibrium unit
with the larger, bright reservoir unit results in lowering the
physical temperature of much of 10’s daytime surface to well
below the values that would be expected based on rapid
equilibrium with absorbed insolation. This effect is what
allows the low observed values of 20 fltn emittance to be
modeled successfully. The subsolar temperature of the
equilibrium unit is -167 K whereas the equatorial temperature
of the reservoir unit is -109 K (see Table 7). The latter does
vary slightly with longitude as a function of its albedo (see
discussion of background parameters below and also Table 8).
Both temperatures also vary slightly with the heliocentric
distance of Jupiter.

Figure 6b shows the different background models discussed
for 10. The “standard” model (see appendix note 5) has a
bolometric  Bond albedo of 0.44. The eclipse model contains
emission solely from the reservoir unit. The daytime model
includes emission from the equilibrium unit as well, These
passive backgrounds were then combined with the thermal
anomalies to fit the daytime and eclipse data.

4.6. Ilsermal Model as a Function of Longitude

The previous discussion yields an average bolometric  Bond
albedo of -0.53 for Io which only applies for a narrow range
of orbital longitude near 340” W (see Table 7). To interpret
our infrared data, it is necessary to extend the model of the
background to other longitudes. We have done this by utilizing
the form of the albedo versus longitude curve labeled “solar”
from Figure 8 of IUcEwen  et al. [1988]. Table 8 lists the
longitudinal values of the bolometric Bond albedo averaged
over 10”W longitude bins. These albedos have been scaled to
match the albedo of our eclipse model at longitude 340”W.
This scaling will be discussed again later in section 4.7.

The albedo of the equilibrium unit is taken to be 0.29 at all
Iongitudw. This unit occupies -20% of the surface. We then
derive the albedo for the reservoir unit as a function of
longitude as given in Table 8. The reservoir umt occupies
-80% of the surface of Io.

At least five locations with a total of 10 temperature
components are needed to match the shape of the correspond-
ing parts of the infrared light curves (at all three wavelengths
simultaneously). The model hotspot designations, albedos,
longitudes (“w, and latitudes are listed in Table 6 (see also
Table 7 and section 6. 1), Since the Voyager IRIS experiment
identificxl  wveral  major hotspot$ on the trailing hemisphere, we
began with the locations of the most prominent ones, in the
spirit of Occam’s Razor. On the leading hemisphere, our
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model includes additional thermal anomalies at two locations,
each with two components. These are needed to match the
shape of the corresponding parts of the infrared light curves
(again, at all three wavelengths simultaneously). We locate
these new hotspots at 170° and 80” W longitude, but at 0°
latitude. This choice of latitude minimizes their heat fIOW

contribution, If any of the. actual hotspots on this part of 10 are.
at higher latitudes, they would have larger surface areas (due
to foreshortening) and thus produce even more heat flow than
our model predicts. We find for all the spots that although
their characteristics change from apparition to apparition, the
data are weil fit, assuming that the locations remain un-
changed.

For the lmki region, it is necessary to consider three active
components to match the peak in ernittance near 300-320”W at
all three wavelengths simultaneously. We have approximated
tire distribution of temperature and area in this region with (1)
a small hotspot  (-4S0 K and radius -22 km), (2) a warm area
(-245 K and radius -140 km), and (3) a large cool area
(- 180 K and radius -300 km). The Pele region contains two
components which are hotter but much smaller (-654 K and
radius -6 km; -350 K and radius -180 km). A more subtle
feature which appears in our data is near the longitude of the
Voyager source Colchis, A model component at this position
is necessary to match the asymmetry and broadness of the
(composite) trailing side emittance peak (see akso section 6. 1).

4.7. Caveats

The model presented in this paper should be viewed as the
first in an evolutionary sequence. It is the first thermal
emi.wion model which is consistent with the known properties
of Io, resolving large discrepancies between previous models
and the Earth-based observations. It is a simple model which
provides an accurate way to calculate the background emission
and determine the basic characteristics of the thermal anoma-
lies which are responsible for Io’s heat flow, but it is not yet a
complete description of Io’s thermophysica]  properties. We
arrived at the adopted model parameters by manual iteration
after making appropriate range checks. A discussion of
limitations of our model follows.

1. Chrr  model conserves energy but it does not attempt to
model the transient response of the surface either diurnally or
in eclipse. Additionrd  information remains to be determined
about the tbennrd inertia of the equilibrium and reservoir units,
characteristics of a possible solid-state greenhouse, and/or
latent heat as well as possible effects due to atmospheric
trarrrrport,

2. The passive background units in our model are distrib-
uted uniformly over the surface of 10 in a manner analogous to
a tine “checkerboard. ” Since the poles a.. well as the
midlatihrdes  of Io are darker than the equator, an obvious
improvement would be to include the albedo distribution seen
by Voyager at an appropriate resolution.

3. There is an offset of 0.09 betwqen the Voyager
bolometric Bond albedo of 0.44 at 340”W [McEwen e( al.,
1988] and the value of 0.53 in our model. The Voyager
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albedo weighs all parts of the projected disk equally. In
contrast, our model is most sensitive to the infrared emittance
from warm low latitudes. The difference in albedo between
the equatorial regions and higher latitudes is sufficient to
explain the direction and size of this offset. Considering
uncertainties in the calculation of Io’s phase integral, we regard
the level of agreement as satisfactory for this stage of analysis.

4. The approximation of the thermal anomalies as flat disks
has obvious restrictions with respect to the large, cool regions.
An m~provement  would be to represent thenl as elements on a
spherical surface and to associate them, where possible, with
identifiable surface albedo features in the Voyager (and
eventually Galileo) images.

5. Thermal Emission Variability

Our infrared data set provides the first relatively uniform,
long-term overview of 10’s thermal characteristics. The basic
nature of Io’s thermal emission has remained relatively stable
throughout 1983-1993. Nevertheless, there are significant
variations between apparitions. Dramatic outbursts at 4.8 pm
from relatively hot sources (greater than 600 K) can vary
rapidly on timescales  of hours to days and occasionally reach
very high levels of thermal emission.

5.1. Orbital Infrared Light Curves

The thermal emission model discussed in the previous
section was used to match the infrared data as a function of
Longitude for each apparition. First, thepwsiv  ebackgroundis
adjusted toaccount for the relatively small changes in absorbed
sunlight due to heliocentric distance variation. Then, each
thermal anomaly is assigned a “geothermal temperature, ”
radius, and location. The active background, due to the
pedestal effect, iscalculated  from thephysical temperature of
the hotspot in sunlight. We attempt to make a minimum
number of changes, from year to year, in anomaly tempera-
turesand  sizes, consistent with producing agooct match to the
emittance  versus longitude data. It does not appear to be
necewxwy to change the model locations of any of. the thermal <

anomalies to produce good fits, suggesting that at least the
average longitude distribution of thermally active areas on Io
has remained approximately constant throughout the last
decade.

The radius and temperature for each of the 10 model
thermal anomalies (at five locations) are listed in Table 9 for
each apparition. The model tits to the data at 4.8, 8.7, and
20pm during each apparition are shown plotted as the curves
in Figures 2, 3, and 5, The 10 pm data are not modeled
because of the wide bandtidth  of this filter which causes the
effective wavelength to change, depending on the temperatures
of the thermal anomalies. The model radii and temperatures
vary from year to year, with the largest changes generally in
the higher temperature components required to match the
4.8 pm emission. One way of visualizing both the variation in
Io’s emittance by year and the models required to match the
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data is to overlay the model emittance curi’es at each wave-
length for all app&itions as in Figure 8 (see also section 6,1).

As seen in previous studies, there is more variation at
4.8 ~m than at longer wavelengths (8.7 and 20 ~m). For most
years the thermal emiwion  at all wavelengths is very similar in
intensity and shape from apparition to apparition. The thermal
emission from the trailing hemisphere is roughly consistent
with that expected from the hotspots detected by Voyager
[John.wm et al.,  1984].

However, there are several exceptions to this broad
generalization. Most obvious are the outbursts which will be
discussed below in section 5.2. Other exceptions result from
general increases in emission levels. On the leading hemi-
sphere (O”- 1800), the 1987 apparition had more than twice the
ernittance at 4.8 pm than the other apparitions. Emittances at
8.7 and 20 urn were also elevated. Emittance at 4,8 urn from
the trailing hemisphere (dominated by brki)  appears to have
two modes. One mode peaks at less than 0,05 W m“2 pm”l and
is representative of most apparitions. The other mode peaks at
greater than 0.07 W m’2 pm’1 and occurred during the 1983,
1984, and 1989-1990 apparitions. This bimodal  activity is
much less distinct at 8.7 pm, but the 1989-1990 and the 1984
model fi~ do have higher ernittances than other apparitions. At
20 pm the variation in emittance at Loki forms a continuum,
with 1984 and 1989-1990 data showing the highest emittances.

5.2. Outburst Activity

Outbursts on Io are characterized by a lar~e increase in the
4,8 pm emission over a short period- of ti~e (i.e., hours to
days). The first report of such an event was the pre-Voyager
5 ~m enhancement reported by Wir~ebmt  et al. [ 1979]. Other
events were subsequently observed, including one during the
interval between VoYaszer encounters in 1979, which was
apparently connected-w~th a change in the appearance of the
feature Surt [Sinron, 1980].

We have observed two well-characterized events of this sort,
one on August 7, 1986, the second on January 9, 1990 (see
appendix note 10). Both events were observed for several
hours during the course of a single night. Our current data set
includes observations from 175 hours over 55 nights. We
conclude that such even~s are occurring -4% of the time
during our program, This appears to be consistent with the
number of other reports, but we do not have enough infornla-
tion concerning the total time other observers could have
detected outbursts to calculate a more precise frequency.

These two outbursts have similar emissicut characteristics.
The August 7, 1986 (leading hemisphere), outburst is quite
large. The emittance at 4.8 pm increased by over a factor of
10 from -0.02 to greater than 0.3 W m“2 flm”! At 8.7 pm it
almost doubled. On January 9, 1990, the. emission from Io
increased by a factor of 2.5 at 4.8 pm and also 20% at 8.7 pm.
This event occurred on the trailing hemisphere near the same
longitude as Lmki  (309”W  longitude), Since we have data at
each of our wavelengths during the outbursts, it is possible to
characteriu the sizes and temperatures of the sources responsi-
ble.
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Preliminary analysis of the January 9, 1990, outburst on the
trailing hemisphere is illustrated in Figure 9. This suggests a
small (-5.6 km radius) high-temperature (- 1200 K) source at
the beginning of the event, and also indicates that the model
source required at the end of the event is significantly cooler
(-700 K) and larger (-13 km radius). While the latter size is
large by terrestrial standards, it is only -0.2% of the area of
Imki Patera. These characteristics are consistent with a high
eruption rate silicate lava flow and the suggestion that 10’s heat
flow is coming from an ensemble of volcanic features with
differing emplacement histories and temperatures [ Carr, 1986;
McEn’en et of., 1992]. These temperatures are consistent with
liquidus temperatures of basaltic magmas  (1550-1600 K [cf.
lm~grerr et al., 1981]).

The August 7, 1986, outburst was discussed by Johmon et
al. [ 1988], who reported that a model temperature of 900 K
and a radius of 15 km were required to account for the flux
density increases at each of the wavelengths. They further
concluded that such high temperatures were strong evidence
for the source being a silicate lava rather than a sulfur melt
(whose STP boiling point is 715 K).

The earlier analysis of the 1986 event did not attempt to
match the characteristics of the event in detail. Rather, the
maximum emittance excesses at 4.8 and 8.7 pm were used to
produce an estimate of the required high-temperature source.
Since the 4.8 pm flux density decreased rapidly over the
course of about 2.5 hours, it was clear that more detailed
modeling would either require a different hotspot location, a
changing source emittance,  or both. Using our model for the
anomaly characteristics required to match the rest of the
apparition’s data, we find that an even higher temperature
source (- 1550 K and -8 km radius) at a longitude of -35” W
best fits the observations at both wavelengths during the
outburst (see Figure 9). This is consistent with the location of
a persistent source imaged by Spencer et al. [ 1990]. The fit is
not perfect, and it is probable that this source changed both
temperature and size during the observing session. However,
there are not enough 4.8 ~m data during the early hours of the
night, nor enough 8.7 pm data late in the night, to obtain
simultaneous solutions at both wavelengths and constrain a time
variable model of the type used for the 1990 event.

6. Heat Flow

The heat flow from thermal anomalies on 10 IS calculated
from the sum of nonbackground  power radiated by each of the
hotapota needed to match the infrared light curves. The heat
flow power P for each model thermal anomaly IS

where E is the emissivity, o is the Stefan-Boltzmann cons~nt,
7’~,0 is the geothermal temperature, and R is the radius of the
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anomaly. The hotspot radii and tetnperatures  are given in
Table 9, and the resulting heat flow is listed in Table 10.

6.1. Active Regions

Figure 10 shows the variations in power for the different
temperature components in the five rncdel reg,ions: Imki,  Pele,
Colchis, Leading Hemisphere (170”W),  and Leading Hemi-
sphere (80° W). We will discuss the behavior of these regions
and then turn to a discussion of the global heat flow from 10.

Loki. Imki is one of the best characterized volcanic
features on Io. It was easily recognized in the Voyager IRIS
data because of its temperature and size and the favorable
geometry during the Voyager flyby [Hanel et al., 1979; Pearl
and Sinton, 1982]. Loki has also proved to be the most easily
detected thermal feature from Earth by a number of tech-
niques, including our initial fill-disk radiometry [e. g., .lohnson
et al., 1984]. Other known or suspected anomalies, such as
Pele and Babbar Patera, may contribute to the ernittance  near
the longitude of lmki (see appendix note 4). The signature of
the Loki region in our data is usually a prominent peak near
3090W longitude which falls off on either side more or less as
expected from the change in projected area with rotation. In
detail, the shape oftke Loki feature is asymmetric and requires
smaller sources to the east of 309”W to match the infrared data
(see discussion of Pele, Colchis, and the leading hemisphere
below),

The Io thermal model for Lmki  includes three temperature
components which are probably closely grouped and whose
variation with apparition is shown in Figure 10a. Pele is
modeled separately (see below and Figure 10h). Our model
values of Loki’s characteristics are not constrained strictly by
the physical size of the albedo feature at Imki or the IRIS
derived temperature and area components, but rather are a
comDosite of temperatures and areas which could in fact be
distributed among-a number of sites near the same longitude.
Based on the lines of evidence cited earlier, L.oki itself has
been the major contributor to the infrared emittance in this
region throughout the decade.

The data in Tables 2, 3, 4, and S show that the volcanic
activity in the Loki region has been continuous during the
course of our study. The intensity of this source at 4.8 ~m has
varied considerably due to changes in the moderate- and high-
temperature components. Thus, in the 1988-1989 apparition,
sour- with temperatures greater than 200 K contributed much
less emission than in 1983, 1984, or 1989-1990. In particular,
the high-temperature component wa. near its lowest level at the
time of the Ulysses flyby in 1992 as well as during  the 1993
apparition.

Me. Pele is about 50” east of Lmki  and was the site of one
of the largest eruptive plumes seen by Voyager [Smith et al.,
1979]. It had one of the highest temperature anomalies
detected by IRIS [Hattcl et al., 1979]. The 10 thermal model
includes a small high-temperature region similar to the
Voyager-derived values lPearl and Sinton, 1982] and, in
addition, a larger but lower temperature component to match
our data at longer wavelengths (see Figure 10b). The time
history for Pele is qualitatively similar to Loki, with the bigh-
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temperature component model area changing by an order of
magnitude (essentially disappearing during three apparitions)
and the larger low-temperature region area varying by a factor
of 4 at most. This region and Colchis, discussed next, do not
produce a clear separate “signature” in our data, in contrast to
~oki, but together provide infrared emission at longitudes east
of Loki required to match the shape of the emittance versus
longitude data.

Colchis. Colchis was also identified as a thermal anomaly
in IRIS data [Hanel et al., 1979]. It is approximately 50° east
of Pele. This is a transition region in the infrared data between
the peak due to Loki and the relatively constant emittance
levels seen on the leading hemisphere at most wavelengths.
The 10 thermal model includes a source with a single tempera-
ture component greater than 350 K which affects primarily the
8,7 and 4.8 pm ernittance (see Figure 10c). The area and
temperature of the Colchis model are relatively constant for
most apparitions. The major exceptions are the 1989-1990
apparition, when the required area increased about a factor of
10, and 1993, when the area is similar to other apparitions, but
a model temperature of 700 K is required to match the data.

170”W and 80”W. The 170”W  and 80”W. regions on the
leading hemisphere are not tied directly to Voyager observa-
tions. Voyager did not acquire high-resolution imaging or IRIS
data on this hemisphere. The relatively constant emittance
level with longitude over this hemisphere requires that sources
of volcanic activity here not be concentrated in a single
relatively small region, such as Loki, but rather be more
uniformly distributed over Io’s surface. Qualitatively this is in
agreement with lower resolution imaging data from Voyager
which show no large albedo feature or caldera structures
analogous to Imki,  Occultations reveal no evidence for any
strong concentrated source on the leading hemisphere [Gogueh
et al., 1988].

The Io thermal model includes two relatively large sources
in the leading hemisphere with two temperature components
each, separated by 90” (see Figures 10d and 10e). These are
sufficient to provide good matches to the observed longitude
variations in the data. They should not be interpreted literally
as specific volcanic localities but rather m parameterized
“stand-ins” for what may be an ensemble of surface features
having a similar combined area and temperature distribution.
Partial confirmation of the. validity of the general characteris-
tics of the 170”W source comes from recent analyses of IRIS
data by McEwen et al. [1992], who find that a whole-disk
spectrum from Voyager centered on 1550 W is matched by a
thermal anomaly with a temperature of 169 K and a radius of
769 km. The lower temperature source at 170”W in our model
varies from 140 K to 180 K and from 420 km to 760 krn in
radius.

The characteristics of all these model sources are relatively
constant during the decade, the only major change being
observed in 1987, where emittance from the leading hemi-
sphere at all wavelengths was higher than normal. This
required increas&l aras for the lower temperature components
and higher temperatures for the high-temperature components.
It may be significant that this higher emission level occurs the
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year following the high-temperature outburst event in 1986
[Johrr.wwI et al., 1988]. If that event represented lava flow
activity for some significant duration, elevated temperatures
from cooling flows could still be releasing significant heat a
year later [Cam, 1986].

6.2. Global Heat Flow

The model fits to the data at each apparition can be used to
estimate the heat tlow coming from the thermal anomalies, and
thus the variation of the geothermal power with time and
location on Io. Total heat flow power for a given apparition is
calculated simply by summing the contributions from each of
the anomalies.

Table 11 compares the total power (10” W) and heat flow
~ m“~ for Io during each apparition with the model contribu-
tions from the larger, cooler regions and the smaller, hotter
regions. Clearly, the bulk of the power is coming from regions
with a surface temperature of less than 200 K. Figure 1 la
shows the history of power output from the thermal anomalies
in our model. As expected from the larger variability of the
4.8 pm emittance compared with other wavelengths, the small
amount of power from the hotter components tends to vary
considerably from apparition to apparition. Total power tends
to be less variable, however, since most of the power comes
from the larger, cooler, and less variable anomalies which
affect the 20 urn emittance the most, This imr)lies that the
activity in such regions is long lived.

In a similar manner, Table 12 compares the total power and
heat flow with the model sources located on the leading and
trailing (i.e., Loki) hemispheres. Approximately equal
amounts of power come from each hemisphere. Figure 1 lb
shows these powers and the total as a function of apparition.
Both hemispheric and total power values are relatively
constant, with an average total power of 1.05 x 1014 W
(2.5 W m“2). This value is considerably larger than most
previous estimates, but consistent with the even higher value of
3.2 ~ 1.0 W m“2 [McEwen et al., 1992; A.S. McEwen ,
personal communication, 1993].

Note that conduction through the crust of 10 for the more
than -95 % of the surface that has no detectable thermal
anomalies is not considered in the present model [see also
Stevenson and McNanrara,  1988]. As noted in previous
discussions of volcanic power from Io, the power radiated by
hotspot anomalies is a lower limit to the total, globally aver-
aged heat flow [e.g., Johnson er al., 1984]. Figure 12a
illustrates the key characteristics of the model spots for each
apparition; it plots the area of each model component versus
the temperature. Lines of constant power output are also
shown, This plot clearly shows the dominant contribution of
the large area, low-temperature anomalies to the total heat
flow, as well as the larger variation of modeled area and
temperature for the hotter components of the model.

The characteristics of our model anomalies for the past
decade can be compared with what was observed by the ~RIS
instrument during the Voyager flyby. McEwen et al. [1992]
have recently refined the pointing knowledge for Voyager and
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reanalyzed the IRIS data. This permits the recognition tind
modeling of lower temperature anomalies than were previously
possible [e.g., Pearl and SirIrorI,  19821. In Figure 12b, the
IRIS thermal anomalies identified by McEwert et al. [ 1992] are
compared with our data binned in 100 K increments. We find
very good agreement between these and our model thermal
anomalies. The trend between area and temperature from our
results and tlrose of kfcEweri  et al. [ 1992] is qualitatively what
is expected for a surface with multiple, cooling lava tlows of
different ages, as pointed out for sulfur models by Sinfon
[ 1982] and for silicate models by Ccsrr [ 1986] and McEwen tv
al. [ 1 9 9 2 ] .

The consistency of our results with the IRIS analyses is
particularly important for evaluating the new class of anomalies
with temperatures less than 200 K. In our thermal model,
these anomalies are a consequence of the new background
model required to match our disk-integrated radiometry
including eclipse observations. These anomalies are identified
directfy in the IRIS analysis of small Voyager regions [McEwen
et al., 1992; A.S. McEwen, personal communication, 1993].
Lawer daytime and higher nighttime background temperatures
in agreement with our conclusions are also implied by the
interpretation of IRIS data by h4cEwen et al. [1992]. The IRIS
observations are an independent data set with respect to
instrumentation (i. e., Fourier transform spectroscopy versus
filter radiometry), observational resolution (i.e., disk-resolved
versus disk-integrated), and calibration techniques. The
agrwment  of tiese two independent approaches lends consider-
able support botb to the conclusion that higher heat flows result
from the lower temperature anomalies and to the necessity of
improved thennophysical  models for Io’s passive background.

Figure 13 compares various estimates of observed and
calculated heat flow with constraints from tidal heating and
orbital evolution. Both our present estimate and that of
McEwen et al. [ 1992] increase the previously noted disc rep-
ancy between the geothermal output from Io and theoretical
limits on the total amount of power dissipated in Io due to
tides. A number of possible explanations have been proposed
which include time variations in 10’s internal properties,
variations in the dynamical state of the system and variations c
in Jupiter’s dissipation over the last 4.5 Gyr. It is not the
purpose of this paper to explore this problem in detail (see
Greenberg [1989] for a recent review). We note only that
models of the dynamics of the system including tidal dissipation
must now cope with even ,higher values of Io heat flow
observed over the past decade. Accurate measurement of the
change in IO’S orbit during tie current epoch from spacecraft
observations and/or improved astrometry or else a better
understanding of Jupiter’s interior may be necessary to resolve
this issue (see also Peale et al. [1979], Yoder [ 1979], Yoder
and Peale [198 1], Gmren er al. [1982], Ojakangas  and
Stevenson [1986], Segafz et al. [ 1988], Fischer and Spohn
[ 1990], and Ross et al. [ 1990]).
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7. Sunm~ar yandConclusions
A new view of 10 can be synthesized from our multi-

wavelength observations made over more than a decade (nine
apparitions). This data set defines the characteristic states of
10’s thermal emission as a function of orbital phase angle, It
allows anomalous conditions to be recognized and compared
with other times, The probability of observing a large varia-
tion, or outburst, on any given observing night is about 4%.
We observed two such outbursts and both had high tempera-
tures typical of silicate lavas.

10’s flux density at 20 ~m is curiously low compared to
8.7 pm. From this, we have inferred that 10 is radiating a
large part of its thermal emission at nighttime. We suggest
three possible mechanisms which may be involved: (1) high
thermal inertia (e.g., rock), (2) solid-state greenhouse, and
(3) atmospheric transport (e.g., latent heat).

The thmd  pedestaf eflecr is an important aspect of physics
which must be included in modeling Jo’s thermal anomalies.
This blue shift of the background spectrum for the reradiation
of abwrbed  sunlight can lead to emittarrce components as large
as 30% at 8.7 pm and 13% (of the thermal emission compo-
nent) at 4.8 ~m. The thermal pedestal effect gives rise to the
concepts of active and passive background thermal emission.
The spectrum for an active background cannot be calculated
until the geothermally supported temperature of the underlying
anomaly is specified, The thermal pedestal effect also has a
temporal signature when 10 goes into eclipse, The solar energy
absorbed on hotspots is radiated away more rapidly than for
analogous, passive surfaces.

We have developed a new thermal emission model for 10
which has three types of surface units: a dark albedo equilib-
rium thermophysical unit, a high albedo thermal reservoir, and
a set of thermal anomalies. The equilibrium unit covers about
20% of the surface. The thermal reservoir unit greatly
increases thermal emission in the antisolar hemisphere by
carrying significant heat into Io’s nightside. This unit occupies
about 80% of the surface. The area] combination of the
smaller, dark equilibrium unit with the larger, bright reservoir
unit results in lowering the ‘physical temperature of much of ,
10’s daytime surface to well below the values that would be
expected based on rapid thermal equilibrium with absorbed
sunlight. The thermal anomalies are located at five positions,
and the data for each apparition are modeled by varying the
areas and temperature of 10 components. The area] coverage
of the thermal anomalies is -2%.

The thermal emission model allows us to compute accurately
the daytime emission and thereby isolate the reflected compo-
nent at 4.8 pm. The geometric albedo of 10 at 4.8 ~m is about
0.7. A model for the orbital phasdlongitude dependence of the
passive background and the 4.8 pm albedo was synthesized by
comparison with Io’s visual light curve. The contributions due
to individual hotspots were identified and tracked. Thus,
individual histories for Loki, Pele, Colchis, and the behavior
of anomalies on the leading side at longitudes of 170” and
80”W can be studied. The temperature versus area plot for our
hoLspots is similar to that predicted for a surface with multiple,

22



cooling lava flows of different ages. The anomalies may
include overturning of crusts on lava lakes as well as lava
tlows. At least for the high-temperature outbursts, the lava
must involve silicates.

The total heat flow is calculated by summing the radiated
power from all of the anomalies. We find that 10’s heat flow
is greater than 2.5 W m“z. Most of the beat flow comes from
the large, persistent, low-temperature (less than 200 K)
anomalies. Short-lived outbursts, despite their high tempera-
tures., contribute very little to heat tlow due to their small sizes
and short durations. Since we are not sensitive to conductive
heat flow through the crust of the passive areas (most of Io’s
surface), our heat flow values are formal lower bounds on the
actual heat flow. Nevertheless, this value alone is so high that
tidal dissipation in 10 remains the only viable mechanism. The
heat flow is large enough to rule out existing steady state
models for dissipation in Jo. All of this suggests there may be
further complexities in the Jupiter-1o tidal interactions and in
the volcanic activity of Io.

Appendix
Magnitude

“For each observing night, standard stars were selected from
a subset of the IRTF list. These generally included at lemst one
star before and after Jupiter in RA. The Bright Star catalog
number @S)  and the magnitudes are listed in Table A 1. These
magnitudes have been adopted from Hanner  et al. [1984],
Tokunaga  [1984], Hanner and Tokunaga [1991], and Hanner
er al. [1992]. This network is expected to be self-consistent to
within 0.05 msg. The value for p Gem at 8.7 pm WM devel-
oped as a secondary standard from comparisons with other
stars within our own data set,

Absolute Calibration

The IRTF photometric system defines a Lyrae as 0.0 mag
at each wavelength. The absolute calibrations at M (4.8 ~m),
8.7 pm, N (10 pm), and Q (20 pm) as listed in Table A2 have
been adopted from Beckwith et al. [ 1976] and Hanner et al,
[ 1984]. These values are expected to be more accurate than
* lo%. Calibration issues at particular wavelengths are
discussed by Ckzmpirt.s et al. [1985], Ri?ke er al. [ 1985], and
Tbkunaga et al. [1986]. other photometric systems that have
been used for Jo are discussed by Morrison and Ubofi@
[ 1979], Sirsron and 71fterrwre [1984], Camplmr cr al. [ 1985],
Rieke et al. [1985], and Tokunaga  er al. [ 1986].

Monochromatic Correction
A monochromatic corredion fkctor is required for measure-

ments of 10 with the N (10 pm) and Q (20 pm) filters. Over
the width of these band-passes, the spectral flux density
distribution of the Galilean satellites is significantly different
from that for the standard stars used. There are a number of
contributions which affect the correction which must be made
to the observed (instrumental) magnitude (or flux density) to
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obtain the equivalent monochromatic value which would have
been measured with a very narrow band-pass at the effective
wavelength. The factor Y is defined by

B(L*,TO) /B(A,T.)rLdA
= Y ——-—

B(~*,T.) fB(A,T,)rkdA

where the integrals are taken over the band-pass of interest,
B(A,7) is the Planck function, T. is the effective temperature of
the object, T, is the effective temperature of the reference star,
and k, is the reference wavelength, The system response
function, r, as a function of wavelength is defined by

where a is the atmospheric transmission function,  ~is ‘tie filter
transmission function, and r is the combined detector and
telescope response function. For the purposes here, we have
taken t as constant over the filter band-pass, which is a
reasonable approximation for a bolometer used with a reflect-
ing !eIescope at N and Q, The relevant standard star tempera-
ture was taken as 10,000 K (i.e., approximating a Lyrae). The
results are not very sensitive to the exact value adopted for T.
above effective temperatures of -3500 K.

Atmospheric absorption from water vapor within the
N (10 pm) band-pass is approximately constant with wave-
length. At N the measured flux density of 10 includes a
significant hot volcanic component with an inferred color
temperature of approximately 600 K and a cool “background”
surface component with an estimated color temperature of
perhaps 120 K at noon on the equator (depending upon the
local albedo and also the heliocentric distance) as well as a
range of various warm components with interrnediate color
temperatures. Over the N filter we use an effective tempera-
ture of -170 K for JO due to the average volcanic flux contri-
bution. This yields the value used in Table 4 for Y (10 #m) of
0.95 (i.e., -0.05 mag).

The column density of water in the atmosphere affects the
calculation for the Q (20 pm) band-pass since the long-wave-
length portion of the band-paw is effectively controlled by H20
absorption. The theoretical atmospheric absorption as a
function of wavelength and ~0 column densl~y was calculated
by V, Kunde (personal communication, 1993). However, we
found in practice that a..surning  a constant factor produced less
scatter over many nights than calculating the effective wave-
length of Q based on our estimate of the HIO column density
for each night. Thus, a 3-mm column water abundance and a
T,fl at Q of -170 K yields the value used in Table 5 for
Y (20 pm) of 1,08 (i.e., 0.08 mag).  Again, the effective
temperature is higher than the expected physical temperature
of Io of -120 K due to the contribution from volcanic emis-
sion. Since this value for Y (20 ~m) may vary by up to 20%
between a very dry and a marginal night at the IRTF, our
reported 20 pm measurements in principle could have a
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systematic error of up to this amount, l{owever,  the consis.
tency  of our observations from night to night and from
apparition to apparition suggests that relative errors between
nights are typically less than 10% (i.e., less than O. 1 mag),

Notes

1. Numerically, this longitude. has the same value as the
orbital phase angle. Plots with west longitude decreasing to the
right can be compared directly with U.S. Geological Survey
maps of 10.

2, Data at 8,7 pm are not available for April 12, 1980, and
March 19, 1982, and so these dates are not considered further.

3. One approach that has been taken to this problem is to
define a “pseudo-geometric albedo,  ” p’, from the total 4.8 pm
flux density which is thus larger than the physical albedo
[Sinfort,  1980]. This quantity can show changes in the hotspot
activity of Io over a few days; but comparisons at different
longitudes, and especially at different epochs, are confused by
the different angular and heliocentric distance dependencies of
the reflected and emitted components,

4. The association with Loki Patera is established by
comparison of the Voyager observations from IRIS [Hanel er
01., 1979; McEwen er al., 1985] with occultation, speckle,
imaging and polarization observations which have resolved
L&i [Goguen et al., 1988; Hon’ell  and McGinn, 1985; Spencer
et al., 1990; McLeod et al., 1991; Goguen and Sinton, 1985,
1988]. Strictly speaking, our data only require that there be a
source at the same longitude as Loki.

5.’ The treatment in section 4.1 is the same as for the
“standard” asteroid thermal emission model but with the
empirical beaming factor (which is not used in our Io model)
set to unity [cf. Matson et al., 1978; Morrison and Lebofsky,
1979; Lebofsky  and Spencer, 1989; Veeder et al., 1989].

6. The t&hent in section 4.2 is the same as for one of the
“nonstandard” asteroid thermal emission models with an
empirical beaming factor of unity [cf. Matson e~ al., 1978;
Morrison and Lebofs@, 1979; Lebofsky and Spencer, 1989;
Veeder et al., 1989].

7. For an emissivity of 0.9, the reflected component at
8.7 pm is -1 % of the observed emission. The reflected (
component is even less at 20 ~m.

8. Goguen  et al. [ 1988] ticultation  results confirm that the
lowest albedo regions at Loki had the highest temperatures,
which strengthens this relationship.
9, C2dcttlatiorM of the intrinsic luminosity of Jovian planets

involve the same physics as the thermal pedestal effect. For
example, see Figures 1-4 of Hubbard [ 1980].

10. Data for the night March 11, 1983, plot well above the
leading hemisphere meawrrements  collected on July 19 and 21
at all wavelengths, including 20 pm. Rechecking the photome-
try indicates that while this is not an outstanding night, it is
good enough and has no obvious problems that could immedi-
ately call the data into question. Given the highly variable
nature of Io, we are including the data for completeness.
However, observational concerns such as north/south differ-
ences in the sky could have caused the discrepancy. Addition-
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ally, the intensity of the emission level at 4.8 UIII is consistent
witlt other nonoutburst measurements during other apparitions.
We therefore do not consider this measurement an outburst.
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Figure 1. Io’s infrared spectral components. The “hotspotn
and “background” curves are from our model for August 3,
1986 (UT), with Loki on the central meridian (309°W),  The
background curve contains only the passive background
component. The reflected solar component (which dominates
at short wavelengths) corresponds to an albedo  of 0.44.
Detailed spectral features, such as S0 2 frost absorption, are
not shown. The thermal anomaly emission (including the
active background) peaks near 13 pm. Passive background
emission dominates at long wavelengths, but emission from
thermal anomalies remains significant.

Fiire 2. Io’s 4.8 pm (M) emittance  (W m“2 pm”’) versus west
longitude (of the sub-Earth point) for apparitions from 1983 to
1993, Reflected sunlight has been subtracted. The longitude
scale spans 1.5 revohstions.  Consequently, the observations
from Table 2 between O“ and 180”W are plotted twice. TW O

large outbursta are evident: the first on August 7, 1986 (UT)
(seen near 90”W),  and the second on January 9, 1990 (UT)
(seen rrmr 330”W). The solid curve is our model fit. Temper-
atures and arearr for the model hotspots are listed in Table 9.
Model curves calculated for the outbursts are shown in
Figure 9.
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Figure 3. 10’s 8.7 pm emittance  (W n~”2 ~m”’) versus west
longitude. The outbursts during August 7, 1986 (UT) (seen
near 90” W), and during January 9, 1990 (UT) (seen near
330 °W), arenotas  strong  asat4.8pn~ (Figure  2). The upper
solid curve is our model fit, The lower solid curve (just above
the bottom of the frame) is the passive background caused by
the heating the surface by insolation. (See also caption for
Figure 2).

F~re 4. 10’s 10 pm (N) emittance (W m“z pm”’) versus west
longitude. The outbursts during August 7, 1986 (UT) (seen
near 90” W), and during January 9, 1990 (LJT)  (seen near
3300 W), are only barely noticeable. (See also caption for
Figure 2).

F~re S. 10’s 20 jtm (Q) emittance (W n~”2 pm”’) versus west
longitude. The upper solid curve is our model fit. The lower
solid curve is the model pawive background which is caused by
the heating of the surface by insolation. 10’s albedo distribu-
tion controls the variation with longitude of the passive
background which is the largest component of the 20 pm
emission. (See also caption for Figure 2).

Figure 6. JO’S emittance spectra for August 3, 1986 (UT).
(a) The data are shown as solid circles (daytime) and open
triangles (in eclipse). The solid and dotted curves are our
model tits. The components of the model at each wavelength
are given in Table 7. The dashed curve is a “standard”
thermophysical  model (see appendix note 5) based on the
bolometric Bond albedo of 0.44 from Voyager data at 340”W
longitude [McEwen et al., 1988] (see also section 4. 1). This
curve illustrates the problem of attempting to match the 20 Um
data with conventional models. (b) Comparison of passive
background model spectra with the standard model from
Figure 6a.

Figure 7. Emittance spectra illustrating the thermal pedestal
effect. (a) An example of a hotspot with a nighttime tempera-
ture of 32S K and a (?tigher)  daytime temperature of331 K due
to heating by sunlight. The spectrum of the active background I
is the difference between these two curves. (b) The active
background components for a .hotspot  with a bolometric  Bond
albedo of 0.29 (and emissivity of 0.9) as a function of its
nighttime geothermal and daytime temperatures. Note that the
power is the same for each curve, even though the spectral
distribution is different, The lowest spectrum is the degenerate
case without any therrmd anomaly (in this case, the geothermal
temperature is identically O K and the temperature at equilib-
rium with insolation is 140 K). Thus, the spectrum of the
absorbed solar power is blue shifted from the longer wave-
lengths expected for a passive reradiation spectrum.
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Figure 8. Overlay of all the 10 models for the 1983-1993
apparitions. The curves include both the anomaly and the
background emittance  for 4.8, 8.7, and 20 ~m. These plots
show both the general stability of the shape of the light curves,
the locations of the thermal anomalies, and their variation in
intensity. The variation at 4.8 pm is significantly larger than
at longer wavelengths,

Figure 9. Emittance versus longitude of the sub-Earth point
for the outbursts of August 7, 1986, and lanuary 9, 1990 (UT),
compared with model calculations at 4.8 and 8.7 ~m. (Note
that for a given event time. increases towards the left).
Available “nonoutburst”  data for these apparitions are also
included, The thermal emission at 4.8 pm is plotted after
removal of the reflected cotnponent. The curves labeled
“model” correspond to our fits for the entire apparition. The
curves for the passive background at 8.7 ym are labeled as
“background. ” The differences between the model and
background curves are due to the emission from the hotspots
including the pedestal effect. The curves labeled with values
for T and r show the result of adding the thermal emittance
from a hotspot  of the indicated temperature and radius to the
model for the apparition. For the 1986 outburst, the model
hotspot was placed on the equator. For 1990, the event was
assumed to be located at Loki.

Figure 10. Heat flow histories of the thermal anomalies for
the 1983-1993 apparitions. In addition to the total, power
levels  are also binned by temperature as indicated (see also
Table 10).

Figure 11. Io heat flow during the 1983-1993 apparitions.
(a) In addition to the total, power levels are also binned by
temperature as indicated (see also Table 11). (b) Leading and
trailing (i.e., L&) hemispheres compared to the total (see also
Table 11).

Figure 124 Surface area versus temperature log-log plot for
10(s hotspots. The diagonal lines are contours of constant
emitted power (109 to 1014 W). (a) All of the thermal anoma-  <
lies for the 1983-1993 apparitions. (b) Hotspo& for each
apparition binned by 100 K increments compared with results
from McEwen et al. [1992].

F-- 13. Comparison of Io’s heat flow determinations with
calculations of tidal dissipation and other power values from
the literature. The heat flow for two values of Q,O (50 and 100)
and the upper limit from the orbital evolution are from Ca.wen
et al. [1982] following the method of Gokfs-eich  and Sorer
[1966]. The upper limit from the rate of orbital acceleration
for tbe last 300 years is from Greenberg’s [1987] analysis of
data from Lieske [1987]. These estimates all are significantly
lower than the observed heat flow values determined from
thermal emission. Heating by the decay of radiogenic elements
and heating by electrical induction are 2 orders of magnitude
smaller and plot off scale.
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Figure 1. 10’s infrared spectrnl components. The “hotspot” and “background” curves are from our
model for August 3, 1986 (lJT), with Loki cm the central meridian (309” W). The background curve
contains only the paw$ive background component. The reflected solar component (which domirmtes at
short wavelengths) corresponds to an albedo of 0.44. Detailed spectral features, such as S02 frost
absorption, are not shown. The thermal anomaly emission (including the active background) peaks
near 13 #m. P&xsive  background emission dominates at long wavelengths, but emission from thermal
anomalies remains significant.

FWre 2. 10’s 4.8 #m (M) emittance w m“2 jIm”l) versus west longitude (of the sub-Earth point) for
apparitions from 1983 to 1993. Reflected sunlight has been subtracted. The longitude scale spans 1.5
revolutions. Consequently, the observations from Table 2 between 0° and 180”W are plotted twice.
‘I’wo large outbursts are evident: the. first on August 7, 1986 (UT) (seen near 90°W), and the second
on January 9, 1990 (UT) (seen near 330”W). The solid curve is our model fit. Temperatures and areas
for the model hotspots are listed in Table 9. Model curves calculated for the outbursts are shown in
Figure 9.

Fiire 3. Io’s 8.7 Nm emittance (W m“2 #m”’) versus west longitude. The outbursts during August 7,
1986 (UT) (seen near 90”W),  and during January 9, 1990 (UT) (seen near 330”W),  are not as strong
as at 4.8 ~m (Figure 2). The upper solid curve is our niodel fit. The lower solid curve (just above the
bottom of the frame) is the passive background caused by the heating the surface by insolation. (See
also caption for Figure 2).

Fiire 4. Io’s 10pm (N) emittance (W m-2 pm”) versus west longitude. Tbe outbursts during August
7, 1986 (UT)  (seen near 90”W),  and during January 9, 1990 (UT) (seen near 330”W),  are only barely
noticeable. (See also caption for Figure 2).

F~re 5. lo’s 20pm (Q) emittance (W m“2 pm-l) versus west longitude. The upper solid curve is our
model tit. The lower solid curve is tbe model passive background which is caused by the heating of
the surface by insolation. IO’S albedo distribution controls the variation with longitude of the passive
background which is the largest component of the 20 pm emission. (See also caption for Figure 2).

Figure 6. Io’s  emittance  spectra for August 3, 1986 (UT). (a) Tbe data are shown as solid circles
(daytime) and open triangles (in eclipse). The solid and dotted curves are our model fits. The
components of the model at each wavelength are given in Table 7. The dashed curve is a “standard”
thermophysicrd  model (see appendix note 5) breed on tJre bolometric Bond albedo of 0.44 from Voyager
data at 340° W longitude [McEwen et al., 1988] (see also section 4. 1). This curve illustrates the
problem of attempting to match the 20 Km data with conventional models. (b) Comparison of passive
background model spectra with the standard model from Figure 6a.’

F~re 7. Emitlance spectra illustrating the thermal pedestal effect. (a) An example of a hotspot with
a nighttime temperature of 325 K and a (higher) daytime temperature of 331 K due to heating by
sunlight. The spectrum of the active background is the difference between these two curves. (b) The
active background components for a hotspot With a bolometric Bond albedo of 0.29 (and emissivity of
0.9) as a function of its nighttime geothermal and daytime temperatures. Note that the power is the
same for each curve, even though the spectral distribution is different. Tbe lowest spectrum is the
degenerate case without any thermal anomaly (In this case, the geothermal temperature is identically
O K and the temperature at equilibrium with in.solatlon is 140 K). Thus, the spectrum of the absorbed
solar power is blue shifted from the longer wavelengths expected for a passive reradiation  spectrum.

Figure 8. Overlay of all the 10 models for the 1983-1993 apparitions. The curves include both the
anomaly and the background emittance for 4.8, 8.7, and 20 pm. These plots show both the general
stability of the shape of the light curves, the locations of the thermal anomafies,  and their variation in
intensity. The variation at 4.8 pm is significantly larger than at longer wavelengths.
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Figure !). Emittance  versus Ior]gitude of the sub-Earth point for the outbursts ot’ August 7, 1986, and
January 9, 1990 (UT), compared with model calculations at 4.8 and 8.7 ~m. (Note that for a given
event time increases towards the left). Available “nonoutburst” data for these apparitions are also
included. The thermal emission at 4.8 Vm is plotted after removal of the reflected component. The
curves labeled “model” correspond to our fits for the entire apparition. The curves for the passive
background at 8.7 ~m are labeled as “background. ” The differences between the model and
background curves are due to tie emission from the hotspots including the pedestal effect. The curves
labeled with values for T and r show the result of adding the thermal emittance from a hotspot of the
indicated temperature and radius to the model for the apparition. For the 1986 outburst, the model
hotspot was placed on the equator. For 1990, the event was assumed to be located at Loki.

F&we 10. Heat flow histories of the thermal anomalies for the 1983-1993 apparitions. In addition to
the total, power levels are also binned by temperature as indicated (see also Table 10).

Figure 11. Io heat flow during the 1983-1993 apparitions. (a) In addition to the total, power levels
are also binned by temperature as indicated (see also Table 11). (%) Leading and trailing (i.e., Loki)
hemispheres compared to the total (see also Table 11).

Figure 12. Surface area versus temperature log-log plot for Io’s hotspots. The diagonal lines are
contours of constant emitted power (109 to 1014 W). (a) All of the thermal anomalies for the 1983-1993
apparitions. (b) Hotspots for each apparition binned by 100 K increments compared with results from
McEwen ef al, [1992].

Fiire 13. Comparison of Io’s heat flow determinations with calculations of tidal dissipation and other
power values from the literature. The heat flow for two values of Q,O  (50 and 100) and the upper limit
from the orbital evolution are from Cmen er al. [1982] following the method of GoMreich  and Soter
[1966]. The upper limit from the rate of orbital acceleration for the last 300 years is from Greenberg’s
[ 1987] analysis of data from Lieske [ 1987]. These estimates all are significantly lower than the
observed heat flow values determined from thermal emission. Heating by the decay of radiogenic
elements and heating by electrical induction are 2 orders of magnitude smaller and plot off scale.
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